The flow inside a thermoacoustic couple is investigated experimentally using particle image velocimetry. Measurements show the oscillation of the shear layers flowing out of a single stack, thus forming an asymmetric vortex street at high driving amplitudes. Development of vortices is also observed within the gap of a thermoacoustic couple. It causes the flow not to repeat from one acoustic period to another. The nonperiodicity of the flow will lead to unsteady heat transfer between the stack and heat exchangers and to the oscillation of the cooling load.
Introduction
The design of appropriate heat exchangers is a crucial issue for the development of efficient thermoacoustic systems. Recent numerical studies (Marx, 2003; Besnoin and Knio, 2004) have shown that heat transfer through the gap between a thermoacoustic stack and a heat exchanger is strongly coupled with the flow patterns in this area. The improvement of thermoacoustic system performances requires a better understanding of such flows, especially at high amplitudes when nonlinear effects become more important (Poese and Garrett, 2000) . The flow behind a single stack has been investigated experimentally by Wetzel and Herman (2000) , Duffourd (2001) , and Berson et al. (2007) , showing vortex generation close to the end of the stack plates at low amplitude. Such flow is responsible for minor losses and energy dissipation as was explored by Waxler (2001) , Wakeland and Keolian (2002) , and Smith and Swift (2003) .
After a brief description of the experimental setup, this study presents particle image velocimetry (PIV) measurements behind a single stack. Vortex shedding at high acoustic pressure level is reported and dimensionless numbers are estimated. The last part investigates the flow between two adjacent stacks separated by a gap as a model for a stack coupled to a heat exchanger. The results show that, at high amplitudes, vortex shedding causes the flow in the gap not to be repeatable from one acoustic period to another. A direct consequence will be the oscillation of the cooling load, as was demonstrated in the numerical studies by Besnoin (2001) .
Experimental setup

The thermoacoustic refrigerator
Experiments are conducted in a quarter-wavelength standing-wave thermoacoustic refrigerator. The resonator is a closed cylindrical tube of length L = 150 mm and diameter 2R = 30 mm. A 25-mm-long part of the resonator is made of specially polished glass in order to ensure high quality optical access for PIV measurements. The system is driven by a GELEC EDM8760F loudspeaker that is connected to the resonator by an exponential adaptation horn. The fluid inside the resonator is air at atmospheric pressure. The driver delivers acoustic pressure levels up to P ac = 5000 Pa at the acoustic resonance frequency f res Ϸ 460 Hz. Acoustic pressure is monitored by a 1 / 4 in. Bruel & Kjaer microphone flush mounted at the closed end of the resonator.
Thermoacoustic stacks are hand-made of thin glass plates separated by plastic spacers. Three different types of stacks have been built, which are hereafter referred to as stacks A, B, and C. Their geometrical characteristics are summarized in Table 1 . Data for stacks D and E, which are also reported in Table 1 , are taken from the experimental work presented in Berson et al. (2007) and from the numerical simulations of Besnoin and Knio (2004) . Further details about configurations D and E can be found in these references. In the present configurations, the hot end of the stack is located at x h =65 mm (x h being the distance from the closed end of the resonator). Additional tests were performed with stack A located at x h = 115 mm. The investigation of the flow between two coupled stacks refers to two type-A stacks. In this case, a first stack is located at x h = 65 mm and a second one is placed just behind and closer to the closed end of the resonator. Care was taken to make the plates of both stacks as parallel as possible with respect to each other. Adequate plastic spacers separate both stacks, ensuring gap width of approximately g = 0.7, 1.3, or 2.3 mm between the plate ends. Although these locations are not optimal for the thermoacoustic effect, we believe that the general behavior of the flow hardly depends on the temperature gradient along the stack and is mostly aerodynamical.
The PIV measuring system
Measurements are performed with a LaVision™ digital camera and a 12ϫ Navitar zoom lens. The measurement area is in a plane perpendicular to the stack plates and parallel to the resonator axis. Its size ranges from 10ϫ 8m m 2 down to 2.5ϫ 3m m 2 . A dual-resonator Nd:YAG laser illuminates the flow field that is seeded with droplets of parrafin oil smoke. Data acquisition is synchronized with the signal driving the loudspeaker and we perform phase averaging to overcome the sampling frequency limitations of the acquisition system. An acoustic period is decomposed in 32 equally spaced phases ⌽, where ⌽ = 0°corresponds to the instant when acoustic pressure is zero and velocity is maximal, the flow being directed toward the loudspeaker. For each selected phase, velocity fields are averaged over 50 instant measurements. A more detailed description and the validation of this PIV measurement technique can be found in Duffourd (2001) , Blanc-Benon et al. (2003) , and Berson et al. (2007) . For analysis purposes, we calculate two-dimensional vorticity fields ⍀ and ⌫ 2 =2/ contours from phase-averaged velocity measurements. ⌫ 2 function is a nondimensional quantity defined at a point M of the space as
with S the integration domain, centered on M. MЈ belongs to S and its coordinates are xЈ. is the angle between xЈ − x and u͑MЈ͒ − u͑M͒, u͑M͒ being the velocity at coordinate M. Subscripts i and j refer to the vector components in the plane. ⌫ 2 function is comprised between 2 / and 1 when the flow is locally dominated by rotation, thus allowing one to detect vortex boundaries. A complete description of ⌫ 2 function is given in Graftieaux et al. (2001) . 
Results and discussion
Oscillation of the flow behind a single stack at high amplitudes
The flow field behind a single stack has been previously investigated experimentally by Duffourd (2001) and Berson et al. (2007) for low acoustic pressure level configurations ͑P ac ഛ 2000 Pa͒. Vortex shedding was observed in Berson et al. (2007) in the case of thick stack plates ͑e 0 / ␦ Ϸ 7͒. With more practical and thinner plates ͑e 0 / ␦ Ͻ 2͒, as is the case here, no vortex shedding was observed in the range of acoustic velocity investigated at the time. Figure 1 shows vorticity fields and ⌫ 2 =2/ contours of the flow behind stack A at phase ⌽ = 225°for P ac = 1000 Pa and P ac = 4000 Pa. Measurements are phase-averaged over 50 images. A movie of the complete acoustic period is available in Mm. 1. Note that due to a slight shift in the laser alignment with the stack plates, the flow within the channels of the stack is not measured accurately. Such flow is detailed in Duffourd (2001) and Berson et al. (2007) . The measurements of the flow behind the stack are not affected by this shift.
Mm1: Vorticity fields ⍀ ͑s −1 ͒ and ⌫ 2 =2/ contours behind stack A along an acoustic period (from ⌽ = 0°to 360°). Sampling frequency: 1 / 22.5°except between ⌽ = 135°and 315°where sampling frequency is doubled. Top: P ac = 1000 Pa, bottom: P ac = 4000 Pa. Note that the color scales are different for improved readability. The black dashed line represents the distance 2d ac away from the plate edge. This is a file of type "avi" ͑5.9 Mbytes͒.
Acoustic velocity amplitudes u ac ͑x h ͒ corresponding to P ac = 1000 Pa and P ac = 4000 Pa at the stack location x h = 115 mm are u ac ͑x h ͒ =2 m s −1 and u ac ͑x h ͒ =8 m s −1 , respectively. At P ac = 1000 Pa, vorticity layers extend out of the stack during the expulsion phases (when the fluid is flowing out of the hot side of the stack), thus prolongating the oscillating boundary layers that develop along the stack plates. At P ac = 4000 Pa, we observe that the vorticity layers outside the stack oscillate and generate asymmetric streets of counter-rotating vortex pairs shedding away from the stack. In the range of acoustic velocities studied here, oscillation of the vorticity layers occurs only during the phases when the fluid flows out of the stack and decelerates due to the acoustic standing wave (from ⌽ = 180°to ⌽ = 270°). Note that gravity is directed perpendicular to the measurement plane so that buoyancy should not be responsible for these oscillations. We also notice that, in all the configurations tested in this study, the vor- ticity layers never extend further than two acoustic displacements away from the stack edge (indicated by a dashed line in Fig. 1 ). An acoustic displacement d ac ͑x͒ = u ac ͑x͒ / is the distance a fluid particle can travel during an acoustic half-period. Dimensionless numbers are calculated in order to provide a better insight into the phenomenon of vortex shedding behind the stack. We define a Reynolds number Re based on viscous boundary layer thickness and velocity amplitude inside the channels of the stack, as proposed by Merkli and Thomann (1975) :
where is the kinematic viscosity of air. The viscous boundary layer thickness ␦ and blockage ratio BR are given in Table 1 for each configuration. Merkli and Thomann (1975) found that onset of turbulence in oscillating flows occurs when Reജ 400 approximately. The highest Reynolds number achieved during these experiments is ReϷ 198. As it is well below the critical Reynolds number the flow remains laminar, even though vortex shedding occurs. Reynolds numbers corresponding to the onset of vortex shedding Re onset are presented in Table 2 .Re onset is the Reynolds number calculated at the lowest acoustic pressure level that was tested for which vortex shedding occurs. We consider that shedding occurs when at least two consecutive pairs of counter-rotating vortices detach from the stack. According to the collected data, there is no critical Reynolds number value for the onset of oscillation. Different Strouhal numbers are also presented in Table 2 . Strouhal numbers are defined as
where f shed is the shedding frequency, u conv is the convection velocity of vortices, ⌬x is the distance between two consecutive pairs of vortices, and D is one of the characteristic lengths ␦ , e 0 and y 0 . For each configuration, Strouhal numbers are averaged over all the phase-averaged velocity fields corresponding to this configuration. We observe that the Strouhal number does not depend on the Reynolds number for a given stack configuration. It is noticeable that Strouhal numbers calculated with D = y 0 take very close values, St y 0 Ϸ 0.44± 10%, for the different configurations tested in this study. Another approach would be to estimate the formation number T onset * =2d ac / y 0 corresponding to the onset of vortex shedding. Indeed, in the case of vortex rings, it has been demonstrated that the detachment of the head vortex from the outflowing jet always occurs at T * =4 (Gharib et al., 1998; Zhao et al., 2000) . But, from the measurements reported in Table 2 ,no such universal value could be found. A more extensive study covering a larger range of geometries would be required to obtain more general laws between the geometry of the stack and the flow behind it, and possibly define a criterion for the onset of shedding.
Loss of periodicity of the flow in the gap between two facing stacks due to vortex shedding
An analytical model (Gusev et al., 2000) and recent computational studies (Marx and BlancBenon, 2004; Besnoin and Knio, 2004) have demonstrated that a gap between the stack and both heat exchangers (hereafter referred to as "the gap") is favorable to the performances of the thermoacoustic system. Mm. 2 shows vorticity fields and ⌫ 2 =2/ contours of the flow in the gap along an acoustic period, for four cases corresponding to P ac = 1000 Pa with gap widths g / ͑2d ac ͒ = 0.8 and 2.6, and P ac = 5000 Pa with gap widths g / ͑2d ac ͒ = 0.2 and 0.5. The hot side of the stack represented on the left in Mm. 2 is located at x h = 65 mm. Measurements are phaseaveraged over 50 images.
Mm2: Vorticity fields ⍀ ͑s −1 ͒ and ⌫ 2 =2/ contours in the gap along an acoustic period (from ⌽ = 0°to 360°). Sampling frequency: 1 / 22.5°except between ⌽ = 135°and 315°where sampling frequency is doubled. Top: P ac = 1000 Pa, bottom: P ac = 5000 Pa, left: g = 0.7 mm, right: g = 2.3 mm. Note that the color scales are different for improved readability. The black dashed line represents the distance 2d ac away from the plate edge. This is a file of type "avi" ͑5.9 Mbytes͒.
At P ac = 1000 Pa, vortex shedding does not occur. When g Ͼ 2d ac , a fluid particle flowing outside one stack never reaches the other stack and the flow is not disturbed by the presence of another stack. When g Ͻ 2d ac , the boundary layers flowing from one stack channel extend through the gap toward the facing channel of the other stack. The flow behaves as if there were virtual stack plates in the gap. At P ac = 5000 Pa, vortex shedding occurs in the gap and the flow is similar to the flow behind a single stack described in Sec. 3.1. As Besnoin and Knio (2004) have shown, the disturbance of the flow within the gap will affect heat transfer between the stack and the heat exchangers.
We calculate the relative standard deviation of velocity measurements u std that we define as
where ū ͑x͒ is the phase-averaged velocity calculated over N = 50 instant velocity measurements u n ͑x͒ performed for each phase. By definition, since measurements are phase-locked, a perfectly periodic phenomenon has zero standard deviation. Figure 2 shows velocity relative standard deviation averaged along an acoustic period and over the gap area ͗u std ͑x h ͒͘ for three different acoustic pressure levels and various gap widths. Relative standard deviation is approximately 6.5% and 9.5% at P ac = 1000 Pa and P ac = 3000 Pa, respectively. The flow is quite repeatable from one acoustic period to another at low acoustic pressure level, regardless of the gap width. At high amplitudes P ac = 5000 Pa, relative standard deviation increases with gap width, attaining ͗u std ͑x h ͒͘= 29% for g /2d ac = 0.5. The flow is no longer periodic. This confirms the results obtained numerically by Besnoin (2001) . As the flow within the gap does not repeat from one acoustic period to another, the average heat transfer through the gap is no longer steady, and oscillation of the cooling load will occur at high driving amplitudes.
Conclusion
This study shows the nonperiodic character of the flow within the gap between two coupled stacks as a model for a stack-heat exchanger couple in a thermoacoustic refrigerator driven at high amplitudes. PIV measurements are first conducted behind a single stack where vortex shedding is observed at high acoustic pressure level. The estimation of dimensionless numbers highlights instructive features of this phenomenon that should help in defining a criterion for the onset of vortex shedding in further studies. Standard deviation of velocity measurements shows that the flow between two coupled stacks is not repeated from one acoustic period to another at high acoustic pressure level. This loss of periodicity will lead to the oscillation of cooling load, as Besnoin (2001) has shown. Future works will include a more extensive study of the onset of oscillation of vorticity layers behind the stack and heat flux measurements on heat exchangers.
